Manipulation of electrical and ferromagnetic properties of photo-sensitized 

(Ga,Mn)As 
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We present the manipulation of magnetic and electrical properties of (Ga,Mn)As by the ad- 
sorption of dye-molecules as a first step towards the realization of light-controlled magnetic- 
semiconductor/dye hybrid devices. A significant lowering of the Curie temperature with a cor- 
responding increase in electrical resistance and a higher coercive field is found for the GaM- 
nAs/fluorescein system with respect to (Ga,Mn)As. Upon exposure to visible light a shift in Curie 
temperature towards higher values and a reduction of the coercive field can be achieved in photo- 
sensitized (Ga,Mn) As. A mayor change in the XPS spectrum of (Ga,Mn) As indicates the appearance 
of occupied levels in the energy range corresponding to the (Ga,Mn)As valence band states upon 
adsorption of fluorescein. This points towards a hole quenching effect at the molecule-(Ga,Mn)As 
interface which is susceptible to light exposure. 
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The discovery of the ferromagnetic semiconductor 
(Ga,Mn)As [l| with remarkable properties such as hole 
mediated ferromagnetism Q has motivated an intense re- 
search activity in view of potential applications in spin- 
tronics. The material's most striking characteristic is 
the manifold possibilities to tune magnetic properties 
via the manipulation of the carrier density or the mod- 
ulation of the lattice strain. A non- volatile modulation 
of the carrier density can be induced by means of fer- 
roelectric gating Q. The use of conventional metal- 
lic gates in a classic field effect transistor geometry 
on the other hand allows for the continous tuning of 
the magnetization in the absence of magnetic fields 
Strain controlled ferromagnetism in (Ga,Mn)As has been 
equally exploited to manipulate magnetic anisotropy in 
systems showing lithography-induced anisotropic strain 
relaxation Q and in GaMnAs/piezoelectric actua- 
tor hybrid structures 0, Q. In this study we present 
the effect of light-sensitive molecular layers adsorbed on 
thin (Ga,Mn)As epilayers. We use fluorescein and two 
of its derivatives to achieve an effective hole quenching 
in the magnetic semiconductor and show, as a proof of 
principle, the possibility to influence this hole quench- 
ing process by light excitation. Our result on GaM- 
nAs/organic dye hybrid systems is an important first 
step towards magnetic applications exploiting molecule- 
dependent, photon-controlled carrier modulation. 
The (Ga,Mn)As films used in this study are grown 
by molecular beam epitaxy (MBE) on (Ga,Mn)As sub- 
strates in two different MBE laboratories. The two sam- 



ple materials designated A and B with thicknesses of 
50nm and 40nm exhibit Curie temperatures T c of 68K 
and 48K, respectively. The Mn concentrations for sam- 
ples A and B are 5% and 8%, respectively. Further details 
regarding the epitaxial growth can be found in Ref. [7] and 
[8] for sample A and B, respectively. 
The molecular layers were adsorbed by immersing the 
(Ga,Mn)As films in a 2 mM solution of the molecules. 
This solution is prepared by dissolving the molecule pow- 
der in water at room temperature and then adjusting the 
pH to 7 with NaOH. Prior to the immersion in the so- 
lution the (Ga,Mn)As films are treated with an HF con- 
taining etch mixture (Original etch mixture: AF 87.5- 
12.5 VLSI Selectipur, diluted 1:100 in water) for ap- 
proximately 10 seconds to clean the surface. After HF 
treatment the samples are rinsed in purified water and 
thereafter immediately placed in the molecule solution 
for about 12 hours. Finally, the samples are rinsed in wa- 
ter to remove most of the non-chemisorbed species and 
arc left to dry in air at room temperature and protected 
from visible light. Magneto-transport measurements per- 
formed before and after the HF treatment confirm that 
the etching procedure does not modify the properties of 
the (Ga,Mn)As films. The light source employed in the 
illumination experiments is a standard HBO Hg lamp. 
No light-induced effects or heating have been observed in 
the magneto-transport properties in as grown (Ga,Mn)As 
films without molecules. 

The expected adsorption geometry of fluorescein and its 
chemical structure is illustrated in the inset of Fig. 1 
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FIG. 1: Normalized XPS spectra of the Ga 3d peak and the 
(Ga,Mn)As valence band before (a) and after (b) adsorption 
of fluorescein. A distinct feature composed of several peaks 
(see text) centered around 5 eV appears in spectrum (b) in- 
dicating the appearance of occupied electronic levels in the 
energy range of the (Ga,Mn)As valence band states upon ad- 
sorption of the molecule. (Inset) Sketch of the tentative ad- 
sorption geometry of fluorescein. 



(b) and in Fig. 2 (top), respectively. The molecule is 
thought to interact with the (Ga,Mn)As surface mainly 
via the carboxylic group as proposed in the literature 
for the chemisorption of carboxyl-terminated molecules 
on GaAs/GaMnAs heterostructures [ll| and for the ad- 
sorption of fluorescein and other aromatic acids on semi- 
insulating and metallic surfaces [12j . 
The X-ray photoelectron spectra (XPS) of sample A be- 
fore and after fluorescein adsorption are shown in Fig. 1 
(a) and (b) , respectively. In the spectrum of the as-grown 
sample the dominating feature is the Ga 3d peak (19.6 
eV) and a shoulder towards higher binding energies (21.3 
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eV) accounting for the presence of gallium oxide 

The mayor changes in the spectra related to the ad- 
sorption of fluorescein occur at lower binding energies 
with respect to the Ga 3d peak, corresponding to the 
valence band states in bulk GaAs(001)[15j and by anal- 
ogy also to the valence band of its p-doped variant 
(Ga,Mn)As. A distinct increase in the intensity of the 
existing peaks (around 7.3eV and 3.4 eV) relative to the 
Ga 3d peak and the appearance of new features (at 5.7 
and 4.9 eV) indicate the appearance of occupied elec- 
tronic levels in the energy range of the (Ga,Mn)As va- 
lence band states upon adsorption of fluorescein. The 
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FIG. 2: Effect of fluorescein and its derivatives eosin Y and 
phloxine B on the magnetic and electrical properties of sample 
B. The introduction of electronegative groups in the structure 
of the molecules reduces the hole quenching capability result- 
ing in a smaller shift in T c and a reduced increase in electrical 
resistance with respect to fluorescein. 



new lineshape possibly reflects the changes occurring in 
the GaMnAs states due to the interaction with the adsor- 
bates together with the occupied states of the molecule. 
In any case, the appearance of populated levels at these 
relatively low binding energies could point at an effec- 
tive hole quenching in the (Ga,Mn)As substrate that ac- 
cording to the theory of hole mediated ferromagnetismQ 
would lead to the weakening of the ferromagnetic inter- 
action. 

Presented in Fig. 2 is the temperature dependence of 
the electrical resistance showing the characteristic peak 
(inset) indicative of the Curie temperature [16] for the in- 
teraction between (Ga,Mn)As (sample B) and fluorescein 
derivatives. In line with the picture of a hole compensa- 
tion mechanism derived from the XPS spectra an increase 
in the electrical resistance and a shift of the resistance 
peak towards lower temperatures is observed for all the 
molecules, fluorescein producing the largest effect. The 
two fluorescein derivatives investigated are eosin Y (dia- 
monds) and phloxine B (squares) that differ from fluores- 
cein by additional electronegative bromide and chlorine 
groups as indicated in the molecular structure shown in 
Fig 2. The presence of electronegative groups is expected 
to hinder the hole quenching capability of the molecule 
and is in agreement with our experiments. The adsorp- 
tion of eosin Y produces a smaller decrease in the Curie 
temperature and a reduced increase in the electrical re- 
sistance with respect to fluorescein. An even less effi- 
cient hole quenching is observed for phloxine B where 
a slightly higher Curie temperature and a smaller resis- 
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FIG. 3: Coercive fields H c \ (circles) and H C 2 (squares) as a 
function of the angle of the applied magnetic field with re- 
spect to the [110] direction at 1.5 K for sample B. An overall 
increase in the coercivity in all directions is observed upon 
adsorption of fluorescein. The coercivities of (Ga,Mn)As and 
GaMnAs/Fluorescein are indicated with full and open sym- 
bols, respectively. 

tance increase is observed with respect to eosin Y. 
In Fig. 3 the coercive fields H c i (circles) and H c2 
(squares) at a temperature of 1.5 Kelvin for (Ga,Mn)As 
(sample B, full symbols) and GaMnAs/fluorescein (open 
symbols) as a function of the direction of the applied 
magnetic field with respect to the [110] uniaxial easy 
axis direction are displayed. The magnetic anisotropy 
landscape given by the coercive fields map shows a rect- 
angular shape with its long axis parallel to the [110] di- 
rection for H c \ and H c2 approaching the [110] and [110] 
axes which is typical for as-grown (Ga,Mn)As materi- 
als [Io|, Esi- The origin of this two step reversal is 
the two fold symmetry in the magnetic anisotropy of 
GaMnAs/GaAs given by the interplay between a biax- 
ial magneto-crystalline anisotropy (easy axes along [100] 
and [010] directions) and a uniaxial anisotropy (easy axis 
along [110]) component. 

After adsorption of the molecules an overall increase 
of the coercive fields in all directions can be observed in 
agreement with the lower value of T c as it has been re- 
ported by other authors 17]. A change in the magnetic 
anisotropy upon fluorescein adsorption is evidenced in 
a modest strengthening of the uniaxial easy axis ([110] 
axis, 0° direction) where the increase in coercivity is 
larger than along the uniaxial hard axis direction ([110] 
axis, 90° direction). The ratio i? c [110]/i? c [110] decreases 
from 0.75 for the as grown (Ga,Mn)As to 0.71 for GaM- 
nAs/fluorescein indicating an approximately 5% increase 
in the easy axis character of the [110] direction. It has 
been shown both theoretically and experimentally that 
not only the Curie temperature but also the magnetic 
anisotropy in (Ga,Mn)As is susceptible to variations of 
the carrier density 0,0, 18 1. However, theory and exper- 
iments disagree when determining the anisotropy compo- 
nent (uniaxial or biaxial) that is most affected by changes 
in carrier concentration. Experimental work shows that 
the uniaxial term is most sensitive to variations in the 
carrier concentration, which can lead to a 90° change 
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FIG. 4: Light induced changes in the magnetic properties of 
GaMnAs/fluorescein. A shift in the Curie temperature to- 
wards higher values is observed upon illumination (top) to- 
gether with a decrease in the value of the coercive field (bot- 
tom). 



in the orientation of the uniaxial easy axis (from [110] to 
[110]) when reaching a critical value of the carrier density. 
A change of sign in the uniaxial magnetic anisotropy en- 
ergy is not observed in our study probably because we are 
probing a hole concentration range that is far from the 
critical value. Nevertheless, the observation of a change 
in the uniaxial anisotropy component with respect to the 
biaxial component upon carrier concentration is clearly 
in line with results in the literature. The general increase 
of coercivities in all directions can be discussed in terms 
of micromagnetic models. Since the magnetization re- 
versal in this material is known to occur by domain wall 
motion flpj ] a common expression for the domain wall 
pinning energy density (e) can be included in this anal- 
ysis [13 : e = (M 2 - Mi) ■ H c , where Mi and M 2 are 
the initial and final magnetization vectors and H c is the 
coercive field. Keeping in mind the small changes in the 
magnetic anisotropy after the adsorption of fluorescein 
we can assume that e remains approximately constant 
for every direction. Therefore, according to the above 
expression a general increase in H c could be directly re- 
lated to a decrease in the absolute magnetization value 
M that is in agreement with the notion of a weakened 
ferromagnetic interaction given by the smaller value of 
Curie temperature after adsorption of fluorescein. 

The shift in T c upon adsorption of fluorescein for sam- 
ple A is 18 Kelvin as shown in Fig. 4 and like in the 
case of sample B it is accompanied by an increase in 
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resistance. It is useful to observe that in the present 
case these two quantities can be linked together by the 
well know expression T c oc p 1 / 3 provided by mean field 
theory where p is the hole carrier density. The ratio 

^1.36 is in good agreement with the ra- 
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tio of the cubic root of the inverse resistances (assumed 
to be proportional to p) which has a value of approxi- 
mately 1.35. A similar relation is found for the case of 
sample B. 

In the following we show results which prove that the 
(Ga,Mn)As-fluorescein interaction introduces an addi- 
tional degree of freedom for magnetic manipulation that 
can be controlled by light. A direct interaction between 
light and (Ga,Mn)As affecting the magnetic properties 
has been demonstrated by the injection of optically gen- 
erated spin-polarized holes into the (Ga,Mn)As material 
causing changes in the magnetization [20j. In our ap- 
proach we do not intend to manipulate the magnetic 
properties by direct interaction between (Ga,Mn)As and 
light but instead modulate the hole quenching capability 
of the fluorescein molecules as a sort of light-regulated 
gate. 

Illumination experiments are carried out by shining light 
on the magneto-transport devices during both the cool 
down of the sample and the entire magnetic measure- 
ments. Fig. 4 shows the effect of the illumination on 
sample A after the adsorption of fluorescein. A distinct 
shift of the resistance peak towards higher temperatures 
during illumination can be observed in Fig. 4 (top) which 
is accompanied by a decrease in the value of the resis- 
tance (not shown). In addition, a decrease in the value 
of the coercive field is observed in the field dependence 
of the planar Hall voltage as shown in Fig. 4 (bottom). 
Thus, the illumination effect is exactly inverse to the pure 
adsorption effect and according to our discussion we at- 
tribute the effect of light to an increase of hole carriers 
in (Ga,Mn)As. The mechanism behind the illumination 
effect is possibly connected to the position in energy of 
the molecule ground and exited states with respect to 
the (Ga,Mn)As valence and conduction band edges. The 
molecule ground state is expected to be located close to 
the (Ga,Mn)As valence band in order to be able to effec- 
tively interact with the holes in these levels. Upon light 
absorption a fraction of these electrons that were inter- 
acting with the valence band are now being promoted to 
the excited state of the molecule, and are no longer able 
to contribute to the hole compensation producing a small 
increase in the hole concentration and an increase in the 
Curie temperature. 

The light effect is reversible upon removal of the light 
source although the return to the original state occurs 
via a slow relaxation mechanism on a time scale of hours. 
The physical mechanism behind this relaxation still re- 
mains an open question, nevertheless, it is important to 
observe the reversibility of the effect that points at the 



good photostability of the adsorbates in view of potential 
practical applications. 

In conclusion, the results presented here demonstrate the 
effectiveness of molecular layers in quenching hole carri- 
ers in (Ga,Mn)As changing its magnetic properties. Most 
importantly this study shows how this interaction can 
be modified by light absorption of the molecular lay- 
ers which is a first step towards light-controlled ferro- 
magnetism in GaMnAs/dye devices. The reported ob- 
servations provide a proof of principle for an effect that 
can be further explored using electron- acceptor molecules 
or even enhanced by functionalization with photoiso- 
merizable molecules that can additionally provide non- 
volatility. 
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